We have addressed the functional and structural roles of three domains of the chloroplast Rieske iron-sulfur protein; that is, the flexible hinge that connects the transmembrane helix to the soluble cluster-bearing domain, the N-terminal stromal protruding domain, and the transmembrane helix. To this aim mutants were generated in the green alga Chlamydomonas reinhardtii. Their capacities to assemble the cytochrome b 6 f complex, perform plastoquinol oxidation, and signal redoxinduced activation of the light-harvesting complex II kinase during state transition were tested in vivo. Deletion of one residue and extensions of up to five residues in the flexible hinge had no significant effect on complex accumulation or electron transfer efficiency. Deletion of three residues (⌬3G) dramatically decreased reaction rates by a factor of ϳ10. These data indicate that the chloroplast iron-sulfur protein-linking domain is much more flexible than that of its counterpart in mitochondria. Despite greatly slowed catalysis in the ⌬3G mutant, there was no apparent delay in light-harvesting complex II kinase activation or state transitions. This indicates that conformational changes occurring in the Rieske protein did not represent a limiting step for kinase activation within the time scale tested. No phenotype could be associated with mutations in the N-terminal stromal-exposed domain. In contrast, the N17V mutation in the Rieske protein transmembrane helix resulted in a large decrease in the cytochrome f synthesis rate. This reveals that the Rieske protein transmembrane helix plays an active role in assembly-mediated control of cytochrome f synthesis. We propose a structural model to interpret this phenomenon based on the C. reinhardtii cytochrome b 6 f structure.
We have addressed the functional and structural roles of three domains of the chloroplast Rieske iron-sulfur protein; that is, the flexible hinge that connects the transmembrane helix to the soluble cluster-bearing domain, the N-terminal stromal protruding domain, and the transmembrane helix. To this aim mutants were generated in the green alga Chlamydomonas reinhardtii. Their capacities to assemble the cytochrome b 6 f complex, perform plastoquinol oxidation, and signal redoxinduced activation of the light-harvesting complex II kinase during state transition were tested in vivo. Deletion of one residue and extensions of up to five residues in the flexible hinge had no significant effect on complex accumulation or electron transfer efficiency. Deletion of three residues (⌬3G) dramatically decreased reaction rates by a factor of ϳ10. These data indicate that the chloroplast iron-sulfur protein-linking domain is much more flexible than that of its counterpart in mitochondria. Despite greatly slowed catalysis in the ⌬3G mutant, there was no apparent delay in light-harvesting complex II kinase activation or state transitions. This indicates that conformational changes occurring in the Rieske protein did not represent a limiting step for kinase activation within the time scale tested. No phenotype could be associated with mutations in the N-terminal stromal-exposed domain. In contrast, the N17V mutation in the Rieske protein transmembrane helix resulted in a large decrease in the cytochrome f synthesis rate. This reveals that the Rieske protein transmembrane helix plays an active role in assembly-mediated control of cytochrome f synthesis. We propose a structural model to interpret this phenomenon based on the C. reinhardtii cytochrome b 6 f structure.
The cytochrome (cyt) 1 b 6 f complex couples electron and proton transfer in photosynthetic organisms. It catalyzes the oxidation of plastoquinol (PQH 2 ) and the reduction of plastocyanin. The complex contains four major subunits: cyt f, cyt b 6 , Rieske protein, and subunit IV (for review, see Ref. 1). Four of its redox cofactors have long been identified; they are a c-type heme in cyt f, two b-type hemes in cyt b 6 (b L and b H ), and an Fe 2 S 2 cluster in the Rieske iron-sulfur protein (ISP). A new heme c i (or x) bound to cyt b 6 close to the quinone reduction Q i site, a chlorophyll, a carotenoid, and specific lipids have also been identified in the cyt b 6 f structures from the green alga Chlamydomonas reinhardtii (Chlamydomonas) (2) and the cyanobacterium, Mastigocladus laminosus (3) . Additional biochemical and spectroscopic characterization of heme c i has been obtained recently (4) .
The ISP is essential for PQH 2 docking and for diverting its electrons into the "high" and "low potential pathways." After PQH 2 oxidation at the Q o site located close to the lumenal face of the thylakoid membrane, one electron is injected in the "high potential chain" consisting of the ISP, cyt f, and plastocyanin. This chain channels electrons from photosystem (PS) II to PS I. The second electron from PQH 2 is injected into the "low potential chain" comprised of the b L , b H , and likely the c i hemes. This second pathway results in electron transfer across the membrane to the Q i site, located close to the stromal face of the thylakoid membrane. According to the Q cycle mechanism (5, 6) , the genesis of a PQH 2 at the Q i site increases the H ϩ /e Ϫ stoichiometry of electron flow. Diversion of electrons to the high and low potential branches is mediated by an ISP conformational change. In the related mitochondrial bc 1 cyt complexes, the rotational swing of the ISP extramembrane domain leads to a cluster movement over 20 Å, which prevents a double electron injection into the high potential chain (for review, see Ref.1). Evidence for this movement was provided by three-dimensional cyt bc 1 structures (7-9), electron paramagnetic resonance spectroscopy (10) , and mutagenesis studies (for review, see Ref. 11) . Several lines of evidence support an ISP domain movement in the b 6 f complex; they are two-dimensional crystals (12), viscosity studies (13) , electron transfer from ISP to cyt f in vitro (14) , inhibitor binding (15) , mutagenesis studies (Ref. 16 and the current work), and three-dimensional cyt b 6 f structures (2, 3). Besides modulating electron flow in photosynthesis, the ISP movement has been implicated in redox signaling during state transitions. State transitions are a mechanism for balancing the light absorption capacity of the two photosystems. Moreover, in Chlamydomonas, state transitions are also associated with a switch from linear to cyclic electron flow (for review, see Ref. 17) . In chloroplasts, state transitions rely on the reversible phosphorylation of the PSII outer antenna complexes (LHCII) by a kinase that becomes activated when the plastoquinone pool becomes reduced (for review, see Ref. 18) . Binding of PQH 2 to the Q o site of the b 6 f complex is required for LHCII kinase activation (19 -21) . ISP conformational changes have been pos-tulated to play a role in the activation process (21) (22) (23) . However, the mechanisms that allow transduction of the activating signal from the lumenal to the stromal side of the membrane, where LHCII phosphorylation takes place, are not yet understood. Chlamydomonas LHC kinase has been cloned (24, 25) , and a putative transmembrane helix is proposed. This helix might be directly involved in sensing PQH 2 binding to the Q o site (22) . Nonetheless, the existence of an intrinsic signaling pathway within the b 6 f complex cannot be excluded.
Here, we performed an extensive mutagenesis study of the chloroplast ISP in Chlamydomonas. Our aim was to compromise its properties by various insertion/deletion/substitution in the flexible hinge, the N-terminal stromal-exposed, and the transmembrane domains and to test the consequences on electron transfer, kinase activation, and cyt b 6 f complex assembly in vivo.
MATERIALS AND METHODS
Growth Conditions-Chlamydomonas strains were grown on Tris acetate-phosphate medium at pH 7.2 and 25°C under 6 microeinsteins m Ϫ2 s Ϫ1 continuous illumination or in the dark and collected during the exponential phase at 2 ϫ 10 6 cells ml Ϫ1 . Site-directed Mutagenesis and Nuclear Transformation-Plasmid pACR4.5 (ampicillin-sensitive/tetracycline-resistant) containing the Chlamydomonas PetC gene (26) was used as the template for mutagenesis with the oligonucleotides: petC-⌬4, 5Ј-CGTTATGCCGGTGGTGCGCGCgGCCGCTGTGCCCGACATGA-ACAAGCGCAAC-3Ј; petC-N17V, 5Ј-CAAGCGCAACATCATGgtCCTGATCCTGGCTGGCTGGTGGCGCcGGTCTGCCATCAC-3Ј; petC-A32K, 5Ј-GCCCATCACCACCCTGaagCTGGGCTACGGcGCCTTCTTCGTGC; petC-ϩ5G, 5Ј-CTACATTGTTCCTCTTTACAGCTCgGGCggcggtggcggtggcGGTGGCGGCGGTGGCCAG-3Ј; petC-ϩ3G, 5Ј-CTACATTGTTCCTCTTTACAGCTCgGGCggcggtggcGGTGGCGGCGGTGGCCAG-3Ј; pet-C-ϩ1G, 5Ј-CATTGTTCCTCTTTACAGCTCgggtGGCGGTGGCGGCGG-TGGC-3Ј; petC-⌬1G, 5Ј-CATTGTTCCTCTTTACAGCTCgGGTGGCGG-CGGTGGCCAGGCC-3Ј; petC-⌬3G, 5Ј-CATTGTTCCTCTTTACAGCTCgGGCGGTGGCCAGGCCGCTAAG-3Ј.
Mutant plasmids, detected by restoration of ampicillin resistance, were subsequently screened for the NotI (petC-⌬4), NarI (petC-N17V, petC-A32K), or AvaI (petC-ϩ5G, petC-ϩ3G, petC-ϩ1G, petC-⌬1G, petC-⌬3G) restriction sites, underlined in the above oligonucleotide sequences. Chlamydomonas double mutant cells with a cell wall deficiency (cw15) and a deletion in PETC (petC-⌬1 in de Vitry et al. (26) ; here referred to as ⌬PetC) were transformed as in Kropat et al. (27) using HindIII-linearized plasmids. Phototrophic colonies were selected on minimal medium under light intensities of 40 -100 microeinsteins m Ϫ2 s Ϫ1 and became visible after ϳ2 weeks. Transformants were characterized as in de Vitry et al. (26) by restriction analysis of specific PCR-amplified products (not shown). Mutations within the Chlamydomonas PetC gene were confirmed by DNA sequencing.
Protein Isolation, Separation, Analysis, and in Vivo Labeling-Thylakoid membranes were purified and resuspended in 10 mM TricineNaOH, pH 8.0, containing protease inhibitors (200 M phenylmethylsulfonyl fluoride, 1 mM benzamidine, 5 mM ⑀-aminocaproic acid) as in Breyton et al. (28) . Cyt b 6 f complexes were extracted by a Hecameg (HG) solubilization (at 30 rather than 25 mM) of thylakoid membranes (29) .
Polypeptides were separated on 12-18% SDS-polyacrylamide gels containing 8 M urea (30) . Lanes were loaded with equal amounts (15 g) of chlorophyll. Proteins were electrotransferred onto Immobilon NC membranes in a semidry blotting apparatus at 0. (30) . Labeling was terminated by dilution of the isotope with 10 volumes of chilled 50 mM sodium acetate before thylakoid membrane isolation.
In vivo phosphorylation was performed as described in Wollman and Delepelaire (31) (21) . Cells were grown to 2 ϫ 10 6 cells/ml were harvested and resuspended in a phosphate-depleted medium for 30 min, then 2 Ci/ml [ 33 P]orthophosphate was added for 90 min. Cells were harvested, resuspended in a phosphate-depleted medium, and adapted for 30 min to state I conditions (plastoquinone pool-oxidized; cells were strongly agitated in the dark). To obtain state II conditions (plastoquinone poolreduced), cells were incubated with 5 M carbonylcyanide-p-(trifluoromethoxy)phenylhydrazone (FCCP) in the dark without agitation for 30 min (32). Phosphorylation and dephosphorylation reactions were stopped by the addition of 10 mM NaF and rapidly cooled to 4°C before thylakoid membrane isolation.
Absorption and Fluorescence Spectroscopy-For spectroscopic analysis, cells were collected and re-suspended in 20 mM Hepes-NaOH, pH 7.2, in the presence of 20% Ficoll to prevent cell sedimentation. Measurements were performed at room temperature with a home-built spectrophotometer (33) as described in de Vitry et al. (26) . cyt f and b 6 reduction was measured as the absorption changes at 554 and 564 nm, respectively, minus a base line drawn between 545 and 573 nm (34) . The slow phase (phase b) of the electrochromic shift of carotenoids, which reflects charge transfer across the membrane and cyt b 6 f catalysis, was measured at 515 nm. Non-saturating actinic flashes were employed to prevent multiple turnovers of the cyt b 6 f complex. When required, FCCP was added at the concentration of 1 M to collapse the electrochemical proton gradient.
State I-II transitions were measured according to the procedure previously employed (35) ; cells were adapted in the dark for 40 min in the presence of glucose oxidase (2 mg/ml), glucose (20 mM), and 3-(3Ј,4Ј-dichloroprenyl)-1-1-dimethylurea (10 M), to obtain state II. Cells were then illuminated with continuous light (590 Ϯ 10 nm, 60 microeinsteins m Ϫ2 s Ϫ1 ) for 10 min to promote reversal to state I and to probe the state II to I transition. The same cells were then placed into darkness with periodic sampling to probe relaxation back to state II. This procedure allowed a true estimation of the state I-state II transition independent of other metabolic changes that accompany the aerobiosis-anaerobiosis transition. within the N-terminal region of the Chlamydomonas cyt b 6 f structure (2) are shown in Fig. 2 . The first three N-terminal residues (Ala 1 to Ala 3 ) and the flexible hinge (Ser 43 to Gly 50 ) of the Rieske ISP are not resolved in the structure (2), very likely because of their flexibility, and are not shown in Fig. 2 . The eight-residue-long flexible hinge of the Chlamydomonas chloroplast Rieske protein contains two serine residues followed by a stretch of six glycines (Fig. 1 ). This domain is required for the ISP conformational movement. We modified the length of this domain by the addition of 1, 3, or 5 glycines (mutations ϩ1G, ϩ3G, and ϩ5G) or deletion of 1 or 3 glycines (mutations ⌬1G and ⌬3G). In the PetC-⌬4 mutant we deleted 4 residues, AlaSer-Ser-Glu (ASSE), from the already short N-terminal domain to test the role of this domain in signaling.
RESULTS

Location of Mutations in the Rieske
A characteristic feature of the cyt b 6 f complex is the absence of a charged residue (lysine or arginine) at the lumenal end the Rieske ISP transmembrane helix. Such charged residues at the ends of transmembrane helices serve to anchor these helices to the membrane and are found in the cyt bc 1 ISP counterpart (arrow on Fig. 1 ). To test whether the absence of this charged residue in the cyt b 6 f ISP represents an important feature for function of the cyt b 6 f complex, we generated a mutant strain (A32K) where a polar residue has been introduced into the lumenal end of the ISP helix ( Figs. 1 and 2 ). In the cyt b 6 f structures (2, 3) , the N-terminal domain of the Rieske protein lies close to the C-terminal domain of cyt f. In the Chlamydomonas structure, an endogenous sulfolipid (sulfoquinovosyldiacylglycerol (SQDG)) interacts via hydrogen bonds with Rieske protein Arg 13 and Asn 17 and cyt f Lys 272 . Residues Arg 13 and Asn 17 are conserved in cyt b 6 f Rieske proteins (Fig. 1) . To test the role of Asn 17 in proton translocation and/or possible assembly-mediated control of cyt f synthesis, we decreased the polarity of this residue by constructing the substitution N17V (see N17V in Figs. 1 and 2) .
Rieske ISP Hinge Mutants; Assembly of the cyt b 6 f Complex and Electron Transfer Properties-To further investigate the relationship between Rieske ISP flexibility and function in the cyt b 6 f complex, we extended the mutational approach to include insertions of up to 5 residues and deletions of up to 3 residues. Previous ISP hinge mutations (in cyanobacteria) were limited to insertion of 4 residues and deletions of 1 or 2 residues. The two-residue deletion slowed electron transfer by a factor of four (16) .
The results of immunodetection analysis indicated that the cyt b 6 f subunits accumulated to wild type (WT) levels in all of the flexible hinge mutants even though their Rieske proteins were of different size (Fig. 3) . Spectroscopic analysis of the modified cyt b 6 f complex in vivo (Table I) confirmed the high tolerance of the ISP hinge for modifications in length. A dramatic consequence on electron transfer was observed only in the ⌬3G mutant (three residues deletion of the hinge). The effect of this mutation ( Fig. 4 ; note the differences in times scales on the abscissa between WT in A/B/C and ⌬3G-1 in D/E/F) was to reduce in a concerted manner the rate of electron injection into both the high potential pathway, as evidenced by the kinetics of cyt f reduction (Fig. 4, panels B and E) and the low potential chain. The latter pathway was monitored by measuring the slow phase of the electrochromic signal (the "b phase," panels A and D), which results from electron transfer between the b hemes. In addition, redox changes of the b hemes were measured directly (panels C and F). Cyt b 6 redox kinetics are rather complex, resulting from cyt b L reduction by PQH 2 from the Q o -site, cyt b L oxidation by cyt b H , and then cyt b H oxidation by plastoquinone at the Q i site. To directly monitor cyt b L reduction, which is linked to plastoquinol oxidation, kinetics were measured in the presence of the inhibitor 2-N-4-hydroxyquinoline-N-oxide. This compound selectively slows down cyt b H oxidation at the Q i site (37) and allows a correct deconvolution of the reduction signal (triangles in panels C and F).
It is known that a proton gradient exists across the thylakoid membranes of dark adapted Chlamydomonas cells. This gradient arises from ATP hydrolysis by the CF0-F1 ATP synthaseATPase complex (34) . The gradient slows down the kinetics of plastoquinol oxidation at the Q o site. In the ⌬3G mutant, the consequences of the electrochemical proton gradient on cyt b 6 f catalysis were larger than in the wild type; the rates of PQH 2 oxidation were 12 and 50 times slower than in wild type cells in the presence and absence of the protonophore FCCP, respectively. This phenotype resembles that of two other cyt b 6 f mutants of Chlamydomonas; FUD2, in which the Q o site of the cyt b 6 f is modified because of a 36-base pair duplication in the cd loop of cyt b 6 (34), and ycf7, where the PetL subunit is disrupted (38) . Both of these mutants show loosened binding of the Rieske protein to the cyt b 6 f complex. We, therefore, tested whether a similar perturbation of ISP binding could be observed in the ⌬3G mutant. To this aim, cyt b 6 f complexes were purified from exponentially growing cells of the ⌬3G mutant using the Hecameg solubilization procedure described in Pierre et al. (29) . The distributions of cyt f and Rieske proteins upon gradient centrifugation peaked in the same fractions and were similar for the ⌬3G and wild type strains (Fig. 5) . These results indicate that Rieske protein binding to the b 6 f complex was not loosened in the ⌬3G mutant. Therefore, the large sensitivity of the electron transfer rate to an electrochemical proton gradient appears to have a different physical basis in the ⌬3G mutant than in the FUD2/ycf7mutants.
Rieske ISP Hinge Mutants; Structural Changes and LHC Kinase Activation-The strong kinetic effect measured in the ⌬3G mutant, which has a catalytic rate 50 times slower than the wild type in the presence of the electrochemical proton gradient, offered an opportunity to test the possible consequences of a decreased hinge flexibility on the efficiency of LHC kinase activation. To perform such a study, fluorescence emission was measured at room temperature in intact algae upon adaptation to anaerobiosis. 3-(3Ј,4Ј-Dichloroprenyl)-1-1-dimethylurea was added to prevent PSII photochemistry. This allowed an estimation of the fraction of antenna connected to PSII directly from fluorescence emission changes. Algae in state II (see "Materials and Methods") were submitted to illumination to promote transition to state I. Subsequently, their recovery to state II was followed in the dark. This procedure was adopted (35) to distinguish between the intrinsic state I-state II transition rate and that of plastoquinone reduction, which often limits the overall process of state II transition upon adaptation of the algae to anaerobiosis. No significant differences were observed in the ability to perform a state I-state II transition of the wild type and the ⌬3G mutant (we calculated values of 60 Ϯ 22 s for this transition in the wild type (mean of 6 different experiments) and 72 Ϯ 14 s (4 experiments) for the ⌬3G mutant) nor of any of the other ISP hinge mutants (not shown). No state II transition was observed in the ⌬petC strain (lacking the chloroplast ISP), likely because of its blockage in plastoquinol binding. Consistent with the fluorescence measurements, a wild type pattern of antenna protein phosphorylation was observed in the ⌬3G and ϩ5G mutants (Fig. 6) . In contrast and regardless of the state condition, the ⌬petC mutant displayed a low and constant level of phosphorylation of LHC proteins CP26, CP29, and p11 and an absence of phosphorylation of LHC proteins p13, p17, and cyt b 6 f subunit PetO (39) ). This condition is typical of state I.
Rieske Protein Mutants in the Stromal and Transmembrane Domains-Neither the ⌬4 mutant (deletion of 4 residues from the N-terminal domain) nor the A32K mutant (insertion of a polar residue at the lumenal end of the ISP transmembrane helix) displayed any remarkable phenotype with respect to accumulation of the cyt b 6 f complex (Fig. 7) , electron transport (Table I) , or state transitions (not shown). On the other hand a significant decrease in the accumulation of cyt b 6 f subunits was observed in both the ⌬petC and the N17V mutants (Fig. 7A) . The rates of synthesis and membrane insertion during a 5-min pulse labeling of cyt b 6 and subunit IV were very similar in the N17V and ⌬PetC mutants and the wild type (Fig. 7C) . The rate of synthesis and membrane insertion of the Rieske ISP during an 8-min pulse-labeling showed no differences between the wild type and the N17V mutant but showed an absence of label incorporation into Rieske protein (as expected) in the ⌬petC mutant (Fig. 7B) . Still, the lower accumulation of the Rieske protein in the N17V mutant was not due to a higher proteolytic susceptibility of the assembled Rieske protein since it remained as stable in N17V as in wild type over 6 h, in an immunodetection experiment where the amount of Rieske protein at various time points after the addition of an inhibitor of cytoplasmic translation was probed in vivo with specific antibodies (not shown). These observations argue for a rapid degradation of a fraction of neosynthesized Rieske before its assembly in cyt b 6 f complexes in the N17V mutant.
In ⌬petB (lacking cyt b 6 ), ⌬petC, and N17V mutants, there was a large decrease in the rate of cyt f synthesis, down to the limit of detection (see the stars in Fig. 7C ). The rate of cyt f synthesis decreased by a factor of 3 in the ⌬petC and N17V mutants as compared with a factor of 10 in the ⌬petB mutant. This has been attributed previously to an assembly-mediated control of cyt f synthesis (40) . These data reveal a new role for the Rieske ISP transmembrane helical domain; namely, as an additional partner involved in assembly-mediated control of cyt f synthesis.
DISCUSSION
The Rieske Fe 2 S 2 protein is actively involved in forming the quinol binding site in both bc 1 and b 6 f cyt complexes. Moreover, it plays a direct role in catalysis by means of the large movement of the Rieske cluster domain, which is linked to the membrane via a flexible hinge. The same movement has been implicated in the transduction of the activating signal from the Q o site to the LHCII kinase during state transitions. In the current work we have addressed in detail the involvement of the Rieske protein in these two major processes by generating site-specific mutations in the flexible hinge, the transmembrane helix, and the N-terminal, stromal-exposed domain. We have also investigated the role of the Rieske ISP in regulation of the assembly of the cyt b 6 f complex.
The Flexible Hinge of the b 6 f Rieske Protein Is More Tolerant to Insertions than Deletions-The b 6 f Rieske ISP hinge of Chlamydomonas contains a string of six glycines. We have varied the number of consecutive glycines in the hinge from 11 (ϩ5G) to 3 (⌬3G). All the generated mutants correctly assembled the cyt b 6 f complex, and only one of them (⌬3G) showed a reduction in the catalytic efficiency of the complex. This supports and extends previous findings, indicating a large tolerance of the flexible hinge of the b 6 f Rieske protein to structural changes (16, 26) . At the same time we show here that it is indeed possible to severely lower the efficiency of electron flow in the cyt b 6 f complex by a modification of the Rieske hinge. The ⌬3G mutation slowed catalysis by a factor of ϳ10-fold. Consistent with the severe consequences of extended deletions, we could not select by restoration of phototrophy a ⌬5G mutation (data not shown). Therefore, despite the greater flexibility of the cyt b 6 f Rieske protein hinge, modifications that prevent ISP conformational changes have clearly deleterious consequences on catalytic efficiency in both b 6 f and bc 1 cyt complexes. These data are consistent with a requirement for Rieske ISP conformational mobility in cyt b 6 f complexes.
The b 6 f ISP subunit can tolerate large modifications of its flexible hinge, particularly increases in length, without compromising catalytic efficiency (Refs. 16 and 26 and this work). This is not the case in the bc 1 hinge region is clearly less well defined. The hinge assumes an intermediate conformation between the proximal and the distal positions in one of the available structures (3) and is not resolved in the other (2) (19 -21) .
In contrast, the ⌬3G mutant, where plastoquinol oxidation was very slow because of the truncated ISP hinge, did not show any significant alteration in the kinetics of state I-state II transitions. In principle, this result might suggest that the movement of the Rieske ISP does not play any role in state transitions. However, even in the ⌬3G mutant, the rate of electron transfer (and, therefore, the rate of Rieske ISP conformational changes) is at least 2 orders of magnitude faster than the rate of the state I-state II transition itself. This rate may be governed primarily by the kinetic properties of the kinase itself (35) , although LHCII lateral diffusion in thylakoid membranes has also been implicated (see e.g. Ref. 42) . Therefore, we conclude that as long as conformational changes related to plastoquinol binding to the Q o site remain faster than the limiting step of state transitions, the latter process can take place efficiently even in the presence of a severely crippled Q o site. This is consistent with the phenotype of the Chlamydomonas FUD2 mutant, where electron flow is slowed ϳ8-fold by a reduced binding affinity of plastoquinol for the Q o site, but state transitions remain unaffected (34) .
A central, unresolved issue in chloroplast state transitions and perhaps redox signaling more generally is the pathway employed to transduce the activating signal from the lumen, where plastoquinol binds to the Q o site, to the stroma, where the catalytic domain of the kinase resides. Several hypotheses have been formulated. (i) An LHCII kinase might be activated through a direct interaction between its transmembrane helix and the Q o site (22) . (ii) A transmembrane conformational change within the b 6 f complex might carry the signal (23), as supported by subunit IV-PetL fusion experiments (43), (iii) perhaps via chlorophyll or ␤-carotene molecules, as suggested in Stroebel et al. (2) , or (iv) alternatively, via conformational changes within the Rieske ISP itself. In this study, we have rendered the latter hypothesis less likely by modifying several domains of the Rieske ISP without altering state transitions.
Role of the Rieske ISP and a Sulfolipid in Assembly-mediated Control of cyt f Synthesis-We have previously shown that the Rieske protein deletion mutant ⌬petC accumulates a lower amount of cyt b 6 f complex than the wild type (26) . The steady state accumulation of cyt b 6 f complex in the ⌬petC mutant is increased when the ClpP protease expression is attenuated (44) . Therefore, part of the diminished level of cyt b 6 f accumulation can be attributed to proteolytic degradation. In addition, cyt f accumulation is regulated by an "assembly-mediated control" process that results in markedly decreased cyt f synthesis in the absence of the large, chloroplast-encoded cyt b 6 and subunit IV components of the cyt b 6 f complex (40) . This process, termed CES (control by epistasy of synthesis), occurs by the autoregulation of cyt f translation via the 5Ј-untranslated region of petA (cyt f) mRNA (45) and the cyt f protein C-terminal domain (46) . The proximity of the N-terminal Rieske ISP transmembrane helix and the cyt f C-terminal transmembrane helix in the cyt b 6 f structures (2, 3) suggested that the Rieske protein might also play a more direct role in this process. Consistent with this idea, we observed a 3-fold decrease of cyt f synthesis in the Rieske-proteinϪ mutant, ⌬petC, similar to that reported previously (47) . This decrease is less pronounced than the 10-fold decrease in cyt f synthesis observed in the absence of the cyt b 6 and subunit IV proteins (40) but clearly points to a role for the Rieske protein in assembly-mediated control of cyt f synthesis.
The rate of synthesis of the Rieske protein is not affected in N17V mutant. The lower accumulation of the N17V Rieske protein should be attributed to a rapid degradation of unassembled ISP rather than to a higher susceptibility to proteases of the assembled N17V variant of the Rieske ISP that proved as stable as in the wild type over 6 h. The lower rate of cyt f synthesis in the N17V mutant suggests that, although most of the neosynthesized Rieske ISP assembles in cyt b 6 f complexes, there is a modified conformation of its transmembrane helix due to the N17V substitution that allows assembled cyt f to exert some negative control of its own synthesis. Indeed, the Chlamydomonas b 6 f structure reveals the presence of an endogenous sulfolipid SQDG that interacts with Rieske protein residues Arg 13 and Asn 17 and cyt f Lys 272 (see Fig. 2 ). Lys 272 has been established as a key residue in the control of cyt f synthesis (46) . The R13K mutation (48) is semiconservative; it substitutes a basic residue by another basic residue that should still allow the hydrogen bond formation with SQDG, and it did not affect the rate of cyt f synthesis (not shown). In contrast, N17V mutation substitutes a polar residue by a non-polar residue, which prevents the hydrogen bond formation with SQDG; in N17V mutant, the rate of cyt f synthesis is clearly decreased. This suggests that the region delimited by the endogenous sulfolipid, the Rieske protein, and the cyt f helix plays a specific role in the assembly-mediated control of cyt f synthesis. It is tempting to speculate that removal of the Rieske protein or modification of its binding to the sulfolipid would increase the accessibility of the cyt f target domain to the trans-acting factors that regulate translation of cyt f (46, 49) . Sulfolipids are known to play major roles in photosynthetic membranes. The sulfolipid SQDG is crucial for photosynthesis in Synechocystis sp. PCC 6803 (50) . The growth of a sulfolipiddeficient Arabidopsis mutant is impaired after phosphate starvation (51) . A double mutant of Arabidopsis lacking SQDG and phosphatidylglycerol is impaired in PSII activity and photosynthetic growth (52) . Several Chlamydomonas mutants lacking SQDG have altered PSII activity or structural integrity (53) (54) (55) including the D1 protein as a major target (56) . Therefore, SQDG seems to be involved in the turnover of both D1 and cyt f. The synthesis of both subunits is modulated by the presence of their assembly partners. This raises the interesting question of whether a similar mechanism underlies the role of SQDG in the assembly of both subunits and, as a consequence, in the operation of the CES process.
